Calcein leakage experiments for the a pore forming toxin Cytolysin A (ClyA) are carried out using a suspension of small unilamellar vesicles made up of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and cholesterol. Combining the oligomerization kinetics with a Poisson process to describe the inherent stochasticity underlying pore formation, we screen possible oligomerization pathways by comparing model predictions with calcein leakage data for ClyA. Excellent agreement with the leakage data was obtained for a reversible sequential oligomerization mechanism upon inclusion of leakage from membrane inserted partially oligomerized intermediates or 'arcs'. In contrast, the non-sequential mechanisms were unable to predict the calcein leakage data. Reversibility in the oligomerization mechanism maintains a constant supply of protomers resulting in a broad distribution of oligomers at steady state. Additionally, the time scale for the conformational change from the water soluble monomer to the membrane bound protomer was found to be similar or larger than the time scale for oligomerization. The dominant contribution to leakage was found to occur from the smaller arcs, consistent with the low protein to lipid ratios used in the experiment. Our kinetic model is able to capture both the fast and slow time constants typically observed in calcein leakage experiments. A key inference is that arcs play a critical role in the leakage kinetics of ClyA, with the fast leakage time scale arising from the smaller oligomerized intermediates and the longer time scale arising from the slowly forming higher order oligomers.
Introduction
Pore forming toxins (PFTs) are specic proteins expressed by a wide variety of organisms which attack target cells by rapid and unregulated pore formation. In addition to determining the crystal structure of the pore complex and conformational changes that accompany binding and pore formation, there is substantial interest in unraveling the kinetics and oligomerization pathways for these toxins. A knowledge of pore formation kinetics and oligomerization pathways could potentially help in developing intervention strategies to prevent pore formation, mitigate PFT mediated infections as well as use PFTs for technological applications such as DNA sequencing.
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The pre-pore and growing pore models are the two main pore forming paradigms that have been proposed for pore assembly pathways. 2 In the pre-pore model a fully assembled pore or oligomer assembles on the membrane interface and converts to form a functional membrane inserted pore complex. Several b toxins such as listeriolysin O (LLO), lysenin, a-hemolysin and perfringolysin 3 are known to form a pre-pore complex, veried by monitoring changes in height along the bilayer normal using atomic force microscopy (AFM). 4 More recently high speed AFM with sub-second scanning time reveal the kinetics of these changes. 5 In the growing pore model, membrane inserted intermediates known as 'arcs' devoid of lipid in the inner lumen undergo oligomerization to form the pore complex. These arcs can initiate lysis or leakage during the oligomerization process en route to forming the complete pore complex. Presence of arcs naturally raises the question of how arcs are formed. In one scenario arcs can form due to the oligomerization of membrane inserted protomers. Arcs if stable, would be capable of leakage due to their membrane inserted state. In an alternate scenario arcs can be formed by a 'pre-arc' state wherein the oligomeric intermediate rst assembles on the membrane interface and subsequently undergoes an insertion to create a functional arc. Inserted arcs as well as pre-arcs at different stages of oligomerization have been observed in high AFM images of LLO. 4, [6] [7] [8] Since arcs are oligomerization intermediates their population on the membrane surface could in principle be modulated by the surface concentration of bound protein. It has been indicated that arcs are more likely to occur at low toxin concentration. 9 Although detailed models for oligomerization kinetics of btoxins are yet to appear in the literature, structural data gleaned from AFM images suggest a variety of intermediates that could play a role during pore formation. The situation is less certain when once considers a-toxins which is the subject of this manuscript. In contrast to b-toxins which benet from the increased stability imparted by interstrand hydrogen bonding in the membrane inserted b-barrel, a-toxins form pores with an assembly of amphiphatic a-helices. As a consequence there have been fewer crystal structures determined for the a-toxins. The crystal structure of Cytolysin A (ClyA) expressed by E. coli, has been recently elucidated and a pore formation pathway based on the pre-pore model was hypothesized.
10 Pore formation in the case of ClyA, is thought to occur through the following sequence of steps. Initially the water soluble monomer converts to a membrane bound protomer through a large conformational change during which the N-terminus moves out of a dominant helical bundle present in the monomer. The initial binding to the membrane is thought to occur through the hydrophobic b-tongue and recent molecular dynamics simulations illustrate this initial step, 11 which is followed by the insertion of the N-terminus into the membrane. The details of subsequent oligomerization steps which lead to the formation of the dodecameric pore complex are unclear; oligomerization can either occur with the N-terminus present at the membrane interface (pre-pore model) or can proceed with the N-terminus inserted into the membrane (growing pore model). Conductance experiments with the a PFT, equinatoxin II (EqtII) revealed much broader conductance distributions with greater irregularity in the conductance signals when compared with the b-toxin, g-hemolysin.
12 Pores with EqtII were purported to form structures where part of the pore channel consisted of the atoxins with toroidal lipids making up parts of the channel where proteins were absent. Using X-ray crystallography, lipidic pore arrangements have been observed in pore forming peptides.
13
Pores formed with participating lipids could be more general and pertinent to pores formed by a toxins.
There have been several studies in the literature where pore formation rates have been investigated.
14,15 A majority of the experimental work has been carried out on SUVs where dye leakage is on the order of a few ms and the rates of pore formation are controlling. 16 Typical dye leakage from a suspension of SUVs have a characteristic feature: a fast time constant at early times followed by a longer and slower time constant. 16, 17 Pore formation rates are usually extracted from the fast time constant, 18 by assuming a Poisson process governing the arrival rates of pores on the vesicles. In contrast to experiments with SUVs, leakage experiments with single GUVs appear to have greater control as leakage from GUVs can be directly imaged. 19, 20 Since diffusion from GUVs is rate controlling, kinetics obtained from single GUV leakage experiments can be related to the number of pores formed on the vesicle at steady leakage rates provided a precise knowledge of the relation between toxin concentration and bound toxin is known. Additionally a stochasticity has been observed in GUV experiments, wherein the fraction of leaked GUVs from several repeated experiments was found to change exponentially with time, having a distinct dependence on the toxin concentration.
19
Models which combine detailed oligomerization kinetics and pore formation of PFTs and peptides have only recently appeared in the literature and these models can potentially provide insight into the oligomerization pathways. Vaidyanathan et al., 21 studied the rupture and leakage from RBCs when exposed to ClyA. Using a model which incorporated adsorption, binding, oligomerization and rupture kinetics, both sequential irreversible and nonsequential kinetics were found to yield similar predictions to the hemoglobin release dynamics. However the sequential model was found to capture the dependence of hemoglobin release on toxin concentration more accurately. In a recent modeling study by Lee et al., 22 the reversible sequential model was found to yield the best predictions for pore formation kinetics of Cry1Ac, a-hemolysin and ClyA. Using single molecule FRET based experiments the assembly of ClyA has been analyzed in detergent and the non-sequential mechanism was found to yield the best prediction of the oligomer and pore evolution kinetics. Further, in the modelling study by Lee et al., 22 the FRET pore evolution data was t to a sequential model and comparison with other kinetic pathways were not reported. We point out that the time scales for oligomerization and kinetics in detergent are typically on the order of 1000's of seconds indicating that oligomerization in detergent is signicantly slower when compared with membrane driven oligomerization. In contrast, the time scales encountered in small unilamellar phospholipid vesicle leakage experiments where pore formation kinetics are probed, are typically on the order of a few minutes. In a combined AFM and electron microscopy (EM) study 8 of suilysin oligomerization, oligomer distributions were described by sequential kinetics and interaction between arcs, as observed by Mulvihill et al. 6 in a time dependent AFM study of LLO oligomerization, were not observed. In a recent review of various oligomerization pathways across a toxins, the sequential mechanism appears to be the most prevalent.
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In this manuscript we carry out calcein leakage experiments for the pore forming toxin ClyA on a suspension of SUVs made up of DPPC/cholesterol in a 7 : 3 molar ratio. We combine the oligomerization kinetics for ClyA with a Poisson process for pore formation in order to predict the temporal evolution of dye leakage. The model predictions were found to yield the best agreement with a reversible sequential mechanism aer incorporating leakage from membrane inserted arcs ranging from 5-12 mer oligomeric intermediates. Signicantly we capture both the short and long time dye release kinetics which to our knowledge has not been reported in the literature. Non-sequential mechanisms were unable to predict the release kinetics and we propose a model for pore formation and leakage based on the formation of 'pre-arcs' wherein partly oligomerized structures insert stochastically into the membrane to cause leakage.
Experimental methods

Vesicle preparation
Calcein loaded DPPC : cholesterol vesicles are prepared with the sonication method using the protocol described elsewhere. 24 Briey, DPPC (Avanti polar) and cholesterol (Sigma) are weighed to form 30 mol% cholesterol membranes and dissolved in chloroform (Sigma, HPLC grade). The solution is vacuum dried and resuspended in a 70 mM calcein solution in PBS buffer using 10 freeze-thaw cycles. Short time probe sonication for 5 minutes is used to form small unilamellar vesicles. The excess calcein is removed by passing the solution through a Sephadex G-50 column. The presence of vesicles in the eluted fractions are veried by 1% Triton-X treatment. The vesicle diameter estimated from dynamic light scattering was 60-65 nm (see ESI Fig. 1 †) 
Determination of lipid concentration
We have used the ammmonium ferrothiocyanate method to determine the lipid concentration, 25 lying in the range of 0.01-0.1 mg ml
À1
. The calibration curve used to determine the lipid concentration is illustrated in the ESI (Fig. 2) . †
Fluorescence data
An Agilent Cary Eclipse uorescence spectrophotometer is used for the SUV leakage experiments. Calcein dye has an excitation and emission of 495 nm and 520 nm respectively. The photomultiplier (PMT) voltage was kept at 600 V, the excitation line was at 490 nm whereas the emission line was at 520 nm with a 5 nm slit width. The data has been collected at intervals of 100 ms. Experiments have been performed at a temperature of 300 K and in all the leakage experiments 6 mg of the ClyA toxin was added to 200 ml of the DPPC/cholesterol (70/30) SUV solution.
Expression and purication of ClyA
The ClyA encoded plasmid was obtained from J. Green (University of Sheffield, Sheffield, UK). E. coli BL21 endo À cells transformed with pPROb ClyA were grown in Terric Broth (Pronadisa), and proteins were expressed upon induction with 500 mM isopropyl thiogalactopyranoside at 16 C for 12 h.
Proteins were puried using a procedure described earlier, 21 and puried proteins were desalted in buffer containing 50 mM Tris-HCl (pH 8.0), 5 mM b-mercaptoethanol, 100 mM NaCl, and 10% glycerol. Cleavage of histidine tagged proteins was carried out with TEV protease to tagless proteins. The activity of ClyA was tested using RBC lysis experiments at 25 C.
3 Modeling calcein leakage and oligomerization kinetics
Calcein leakage
We briey illustrate how the leakage data is modeled to obtain the efflux function from the experiment. If at any time t, N l vesicles have leaked then the concentration of dye in the external solution is,
where C d is the external dye concentration, C dv is the concentration of dye in the vesicles, V v is the volume of the vesicle and V sol is the volume of the bulk solution. The ratio of the volume of vesicles to the total volume of the solution is less than 2% hence we consider only the solution volume. At low dye concentration the measured uorescence intensity (FI) varies linearly with the dye concentration.
where A is a constant. Noting that N v ¼ N u + N l eqn (2) can be expressed as,
where B ¼ AC dv V v N v /V sol is a constant for a given experiment. From the measured intensity we dene a normalized efflux function,
where I o is the initial FI and I N is the nal FI. Since a non-zero initial background intensity, I o is always present in these experiments we modify eqn (3) to yield,
Substituting eqn (5) into (4) we obtain
where N 
Oligomerization kinetics
Oligomerization and pore formation proceeds with the membrane bound monomer m undergoing a conformational change to convert to a protomer p 1 . Subsequently the protomer undergoes further oligomerization to form higher order oligomers, p i . We investigate both sequential and non-sequential kinetic mechanisms for oligomerization and pore formation as illustrated in Fig. 1 . In irreversible sequential kinetics (IRS), oligomerization occurs sequentially by the addition of a protomer to other protomers or oligomers. In the case of reversible sequential kinetics, with the exception of the conformational change, all the steps are considered reversible. The model is developed under the assumption that the forward and backward rate constants are similar for all the different kinetic mechanisms examined. This assumption signicantly reduces the parameters, and has also been shown to effectively predict oligomerization and leakage kinetics in other modelling studies.
21,22
The mass balance on the monomer is,
and the mass balance for the different oligomers are dp
and dp * i
In the above equations the dimensionless variables are,
where m is the membrane bound monomer concentration, m 0 is the reference monomer concentration, k f is the forward rate constant and k c is the conformational rate constant. In eqn (8) In the above formulation we have assumed that the initial membrane binding is fast (seconds) when compared with the time scales for membrane assisted oligomerization which typically occurs on time scales greater than a few minutes. 21 A complete analysis which includes membrane binding kinetics of the ClyA monomer coupled with oligomerization kinetics has been used in our earlier study of RBC lysis dynamics.
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In the non-sequential (NS) mechanisms, higher order oligomers can be formed not only by the addition of a single protomer but via various allowed integer combinations e.g. a tetramer can be formed by the addition of two dimers as well as the addition of a trimer to a protomer. All these steps can be either reversible or irreversible. In case of the NS mechanism oligomerization is assumed to proceed via bimolecular association or dissociation steps resulting in second order kinetics. Hence a tetramer cannot be formed by the addition of 2 protomers and one dimer. The mass balance equations for the NS mechanism are given below,
i ¼ 1; 3; 5.11 dp
i ¼ 2; 4; 6.12
The RNS mechanism is recovered by setting a b ¼ 0 in the above equations.
Leakage function and Poisson statistics
Calcein leakage is treated as a Poisson process, wherein we assume that the arrival times (due to the formation) of leaky intermediates/arcs or pores on the vesicles can be modeled using a Poisson distribution. 26 Since the number of vesicles, N v is signicantly larger than the number of protein molecules available for pore formation this assumption is justied. We point out that the diffusion time for the calcein molecules to leak out through a pore or arc, can been estimated using a simple diffusion model which results in the relation,
where t D is the diffusion time for calcein leakage, V v is the vesicle volume, l p ¼ 10 nm is the length of the ClyA pore, A p is the effective pore or arc area and D ¼ 100 mm 2 s À1 is the diffusion constant of calcein. The time scales for leakage are on the order of milliseconds irrespective of whether we consider leakage through an arc or through a full pore. We obtain a leakage time of 3.6 ms, through a dodecameric ClyA pore of radius 1.25 nm for a vesicle of diameter 70 nm. Since these diffusion time scales through the arcs/pores are signicantly smaller compared to the conformational and oligomerization time scales, the dye leakage mechanism is controlled by pore formation time scales which are on the order of seconds to minutes. Therefore we do not consider leakage times from the different sized arcs or pores. As a consequence, the measured time variation of the uorescence intensity reects the rate of pore formation on the vesicle. This separation of time scales is an important factor while analyzing leakage data from SUVs.
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Typical estimates for N v lie in the range of 1.5-1.9 Â 10 13 and the protein to lipid ratios range from 30-35 protein molecules/ vesicle. Since the ClyA pore is dodecameric, 27 the small number of protein molecules per vesicle indicate that several vesicles are likely to have partially formed oligomers. We shall see that incorporating leakage from these partially formed oligomers plays an important role while making contact with the calcein leakage data.
If l i represents the average rate of formation of an oligomer containing i mers (p i ) on the vesicle surface then the probability that a vesicle contains k such pores is,
The probability that a vesicle will not have any pores is obtained by setting k ¼ 0 in eqn (10),
If N u represents the number of unleaked vesicles, N l the number of leaked vesicles and N v the total number of vesicles in the system, then the probability of observing N u unleaked vesicles is, N u /N v and
During a leakage experiment not all the vesicles leak. If N N u is the number of unleaked vesicles at long time then,
In the above analysis we assume that leakage occurs through a well dened pore with a xed number of mers. In the case of ClyA it is natural to assume that leakage would occur through a dodecameric pore, however it is possible that leakage could occur through partially formed intermediates or arcs.
In order to incorporate leakage through smaller intermediates or arcs, we assume that leakage occurs independently from the different oligomeric intermediates. We propose a pre-arc based model to support this hypothesis later in the text. In this situation leakage is assumed to occur through independent Poisson processes since leakage occurs instantaneously once a pore is formed on a particular vesicle. In this scenario, the probability of observing k and l pore intermediates due to independent pore formation rates l i and l j are,
The probability of not observing either k or l intermediates is obtained by setting k ¼ 0 and l ¼ 0, resulting in
Extending this, for n independent rates corresponding to n distinct pore intermediates, then the probability of not observing any leakage is simply an extension of eqn (15) giving rise to the leakage or efflux function,
where the summation over i will represent the number of independent rate processes in the system. We will see that our model predictions are optimal when we consider leakage from oligomeric intermediates ranging from p 5 to p 12 . Since l i 's in the Poisson process represent the average arrival rates of the pores on the vesicle surface,
Substituting the expression for l i from eqn (17) into (16) we obtain,
where p i (t) is the time evolution of the pore population on the vesicle surface obtained by integrating the rate expressions for a given oligomerization mechanism. Hence eqn (18) connects the pore formation kinetics to the efflux function E(t) determined experimentally. The observed leakage data is t to the following efflux function,
where g is the number of protein molecules on a per vesicle basis and n is the lower limit of the smallest n-mer transmembrane complex that contributes to leakage. For a given mechanism, we seek a solution to the oligomerization equation (eqn (8) or (9)) coupled with eqn (19) . The unknown parameters are g, s f , a b and a c . We have estimated the lipid concentration to range from 1-1.3 mg ml À1 using the procedure described earlier and this concentration is used to estimate the number of vesicles which lie in the range of 1.5-1.9 Â 10
13
. The protein concentration used in the experiment is 0.68 mM and the solution volume is 260 ml. Using a mean vesicle size of between 65-70 nm and a mean molecular area for the lipid (DPPC) as 70 A 2 we estimate g to lie between 30-35.
Although we have a good estimate for the range for g values, we treat g as a free parameter and check the sensitivity of the model predictions to g. We obtain estimates for s f from double exponential ts to the calcein leakage data which are used as initial guesses for the optimization routines. This leaves a c and a b as the primary unknown parameters at a xed value of the number of n-mer complexes that can contribute to leakage. The optimal parameter set is obtained using a genetic algorithm technique, using the function GA, in MATLAB 2013a. This technique can be used for optimization in the absence of a well dened range for the model parameters. This technique does not require a continuous functional form or objective function and the optimized parameters are passed to subsequent generations while seeking the optimal solution.
Results and discussion
4.1 Leakage data Fig. 2 illustrates the normalized efflux function, E(t) for the intensity changes during the calcein leakage experiments from vesicles incubated with ClyA. The efflux function for the dye shows the characteristic fast and slow time scales typically observed in SUV leakage experiments. In order to estimate the time constants associated with these regimes we use a double exponential t,
where s 1 and s 2 are the two time constants and A and B are arbitrary weights. We obtain a fast time constant of 0.45 minutes and a longer time constant of 5.68 minutes (Table 1) upon averaging data from four independent experiments. The fast time constant corresponds to the time required for binding, conformational change, oligomerization and initial pore formation. Binding is usually assumed to be a fast process 18 typically on the order of a few ms, hence the long time constant is related to the time scale for pore formation. The double exponential t given in eqn (20) is primarily used to obtain estimates of the time constants which can be compared with the parameters obtained from a detailed model which combines oligomerization kinetics of pore formation with a Poisson model for leakage. The presence of the slow time constant indicates that pore formation and consequently leakage can also take place on the order of a few minutes. We discuss this aspect in more detail later in the text.
Model predictions
Optimized or best t parameters to the efflux function E(t) are obtained for the irreversible sequential (IRS), reversible sequential (RS), reversible non-sequential (RNS) and irreversible non-sequential (IRNS) mechanisms. In case of the irreversible mechanisms three parameters, a c , s f and g are optimized, and for the reversible mechanism, in addition to these parameters, a b is also optimized. We have optimized these parameters to obtain the best t, for different mechanisms by considering leakage contributions from various oligomer fractions in the efflux function. The optimized parameters for the RS mechanism are given in Table 2 and parameters for the other mechanisms are in the ESI (Tables 1-3 ). † The predicted efflux functions upon considering various populations of the oligomers that contribute to leakage are illustrated in Fig. 3 and 4 for the non-sequential and sequential mechanisms respectively. The results from different mechanisms are discussed next. 4.2.1 Non-sequential oligomerization. For both the IRNS and RNS oligomerization mechanisms (Fig. 3) , the model is unable to capture trends observed in the ClyA leakage data, and the temporal evolution predicted by the models are relatively insensitive to the different oligomer populations that contribute Fig. 2 Normalized intensity for calcein leakage from vesicles where 6 mg of ClyA has been incubated with 200 ml solution of DPPC : chol (7 : 3) SUVs. The data is fitted to a double exponential function (eqn (20) ) and the parameters s 1 and s 2 which correspond to the fast and slow time constants are given in Table 1 . to leakage. The optimized parameter sets for the IRNS mechanism are given in the ESI (Tables 1 and 2 ) † where the values of g increase monotonically when arc populations contributing to leakage are reduced. Hence the smallest value of g is observed for the 5-12 mer arc populations. Noting that the estimated value of g lies between 30-35 proteins per vesicle we obtain much larger values when the arc populations are reduced. In the IRNS mechanism the oligomer populations (Fig. 3b) achieve steady states at longer times, as this is dependent on the depletion of protomers, p 1 and lower order mers from the vesicle surface. However in the RNS mechanism, steady states are achieved at shorter times and a more uniform distribution of oligomer populations are observed. As a consequence the efflux function for the RNS mechanism (Fig. 3c) has a well dened steplike behavior when compared with the efflux function from the IRNS mechanism (Fig. 3a) . Due to reversibility, the values of g are signicantly higher (50-227) to compensate for the lower fraction of higher order oligomer populations.
Sequential oligomerization.
We illustrate the comparison between the model and experimental data for the RS mechanism in Fig. 4a . In this model larger oligomers form only by sequential addition of the protomer (p 1 ). We have included reversibility for all the higher order mers including the 12 mer. The optimized parameters for this case are given in Table 2 Fig. 4a . We also point out that the data are shown in a semi-log scale where changes at the smaller values of the intensity function are amplied. The accuracy of the t across the entire observation time is evident. In the Poisson process we have included different ranges of oligomers p i which contributes to leakage. Interestingly the model is able to capture both the short and long time release dynamics extremely accurately. We point out that earlier predictions of leakage data based on the Poisson model, were only able to capture the initial linear pore formation kinetics 18, 28 by assuming that the oligomeric pore complex was solely responsible for pore formation and leakage. The slower and longer time component was not captured in these studies. Our results indicate that in order to capture both the short and long time release kinetics it is necessary to include leakage from a distribution of oligomers or arcs, indicating that intermediate oligomers have a dominant contribution to leakage. Fig. 4b illustrates the time evolution of oligomers for parameter values obtained for the best t to the leakage data. The key observation is the rapid rise in the lower order oligomers at the early times. The data in Fig. 4b corresponds to the optimal solution to the data shown in Fig. 4a . Here the lower order oligomers between 5, 6 and to some extent 7 show an increase between 0-0.5 minutes which contributes to the rapid drop in the efflux function during this time scale. At longer times, between 1-3 minutes, the fraction of higher order oligomers gradually increases and the rate of formation of the lower order oligomers remain steady. Over the time scale of the experiment, contributions from higher order oligomers are not signicant. This is a consequence of the low protein to lipid ratios, g in the system. The concentration of protomers (p 1 ) drops sharply and attains a steady non-zero value due to the reversibility in the kinetic model. In order to study the contribution from the higher order oligomers we obtained optimized solutions by varying the upper limit of the mers that contribute to leakage (ESI Fig. 3 †) . The leakage function is signicantly underestimated if only 5 mers are assumed to contribute to leakage. Including 5-7 mers captures the short time transient and is able to predict the leakage function up to 1 minute. However the longer time leakage response is underestimated at these oligomer populations. The predictions from 5-10 mers improves the long time (1-7 minutes) contribution to the leakage function and excellent predictions are obtained across the entire observation time. Addition of 11 and 12 mers, marginally improves the leakage predictions at longer times, indicating that the dominant contribution to leakage arises from the intermediate pores formed from p 5 -p 10 . For the estimated values of g and noting that ClyA forms a dodecameric pore, 2-3 pores can form per vesicle if all the protein converts to form the dodecameric pore complex.
The predictions with the IRS mechanism are illustrated in Fig. 4c , where the model is unable to capture the leakage trends. Unlike the NS mechanism the leakage is a strong function of the mer populations used in the model. Inclusion of only the higher order oligomers results in a very low leakage intensity and the corresponding g values (Table 2 ) are unusually high. This trend is observed for the RS mechanism as well. Since steady states are achieved once the p 1 population is exhausted, a steady mer distribution is observed aer 2 minutes for the 5-12 mer simulation. This results in a characteristic step-like leakage function (Fig. 4c) under these conditions.
Oligomer distributions.
The distribution of the oligomer populations at steady state, corresponding to the optimal parameter sets are illustrated in Fig. 5 . Each mechanism evolves to a unique distribution of oligomers. In the irreversible mechanisms ( Fig. 5a and c) , a distinct feature is the absence of the protomer, p 1 . In the IRNS mechanism, the steady state population evolves toward a distribution of oligomers which can no longer undergo further oligomerization to form higher order oligomers. In the reversible mechanisms ( Fig. 5b and d) , a constant supply of p 1 is present, and the distributions show a high population of lower order oligomers. The extent of formation of the lower order oligomers is dictated by the extent of reversibility in the model. Additionally the time taken to reach steady state is signicantly longer than the time duration of the leakage data, indicating that leakage as observed in the experiments is dominated by a transient state of pore formation on the vesicle.
Assessing reversibility; a b
The evolution of the efflux function, with varying values of a b are illustrated in Fig. 6a for the RS mechanism. For a wide range of a b , which is the ratio of the forward to backward time constants, the initial fast time constant in the leakage data is captured quite accurately, however the values of a b is seen to have a strong inuence on the longer time evolution of the efflux function and the entire temporal evolution is captured only when a b lies in the range of 0.02-0.03. As a b is lowered, the mechanism tends to that of the IRS mechanism. In this mechanism oligomerization ceases when the protomer concentration p 1 reduces to zero. Hence a steady distribution of the lower oligomers which dominate the early dynamics, are achieved at earlier times for higher values of a b ¼ 0.2 (Fig. 6b) leading to a relatively constant efflux evolution at earlier times when compared with the prediction at lower values of a b ¼ 0.002 (Fig. 6c) . At intermediate values of a b (Fig. 6b) the 5 mer population is seen to go through an initial maximum. The extent of reversibility plays an important role in the evolution of the population of mers on the surface of the membrane. In the absence of reversibility, oligomerization ceases when p 1 concentration drops to zero for the sequential mechanisms. However even a small amount of reversibility maintains a supply of p 1 which inuences the overall oligomer evolution. The steady distribution of oligomers in the case of the RS mechanism is more evenly distributed when compared with the distribution obtained for the IRS mechanism where the distribution is skewed toward the lower order oligomers which remain trapped once p 1 is no longer present (Fig. 5c ). Our analysis indicates that reversibility plays an important role in maintaining a supply of intermediate oligomers that can contribute to leakage. This is consistent with ndings in this study as well as with the oligomerization models that were used to t pore formation kinetics by Lee et al.. 22 We point out that in our analysis we have assumed that the p 12 or the ClyA pore complex can reversibly breakup to form p 1 and p 11 . Relaxing this assumption did not alter the model predictions due to the low concentration of p 12 oligomers when compared with the concentration of the lower order oligomers formed for the time scales involved in the leakage experiments.
Inuence of conformation and oligomerization times, a c
The inuence of the parameter a c which is the ratio of the oligomerization time constant to the conformational time is illustrated in Fig. 7a . Only a marginal change is observed for a c values greater than 1, indicating that the oligomer distributions are relatively insensitive to a c in this range where the conformational changes are complete. We did not observe any signicant change in the leakage evolution for a c values between 1-5 and the predictions remain unchanged upon further increase in the value of a c . At higher values of a c , the monomer converts rapidly to form the membrane inserted protomer and a steady state is achieved more rapidly for the RS mechanism. In contrast, the model predictions are sensitive to a c below 1. As a c is lowered, the time constant for conformational change is increased compared to the oligomerization time, and the evolution of oligomer populations is delayed (Fig. 7b and c) . Hence at the lower value of a c # 1, we observed a delay ranging from 1-2 minutes, before leakage is initiated. Since the optimal value of the time constant for oligomerization We point out that it is generally accepted that the conformation time is larger than the oligomerization time constant for ClyA. 29 Our observation for the optimal solution indicates that the conformational time is faster or similar to the time scales for oligomerization. 5 Discussion: leaky intermediates, pre-arcs and arcs
As seen earlier, the best predictions to the efflux data are obtained while using a model that includes leakage from a range of intermediates or arc-like pore structures. The contribution from these various fractions as determined by the oligomerization kinetics inuences the evolution of the efflux function. We have observed that contributions from 5 to 12 oligomers provide the best t over the entire temporal evolution of the observed leakage. In Fig. 4a we illustrate the effect of varying the range of 'arcs' that contribute to leakage. If the only contribution to leakage is from the dodecameric 12-mer pore complex we are unable to capture the leakage data for any combination of parameter sets, since the evolution of the 12-mer complex is signicantly slower when compared with the formation rates for the lower order oligomers over the time scales sampled in the experiment. Increasing the contribution from the lower order oligomers is a critical requirement in order to capture the rapid efflux at short times. Including the 4-mer population in the model results in a large overestimate of the efflux evolution. Upon considering a fully formed pore consisting of 12 protomeric units, the angle subtended by each protomeric unit is 30 .
Based on projected areas and using a hydrodynamic radius of 0.74 nm for the calcein molecule we estimate the number of calcein molecules that can be lled in the arcs of ClyA. Using this geometric criterion for the pore cross-section, the 5-mer arc is able to pack about 6 calcein molecules, however for the 4-mer arc this number reduces to 4-5 calcein molecules. This simple geometric criterion only provides an upper estimate of the void space and does not account for the reduced hydrodynamic diameter of the pore due to the presence of bound water and ions.
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The model predictions suggest that leakage from ClyA on SUVs occurs predominantly through arcs which are oligomeric intermediates formed during pore formation. The propensity to form these lower order pore oligomers or arcs that remain trapped without subsequent oligomerization is further enhanced due to the low protein to lipid ratios in our system. High curvature in SUVs could also play a role. In recent molecular dynamics simulations of ClyA, carried out in our laboratory we have shown that membrane inserted arcs or pores are lined by the protein on one face with toroidal lipids forming the pore interior in regions where proteins are absent. 31 These arcs were found to be stable structures with a water channel capable of transporting material across the transmembrane channel supporting the prediction that arcs play a dominant role in the leakage. Arc-like transmembrane constructs have been purported to exist for other a-helical transmembrane proteins such as actinoporins. 12 Since the predictions of leakage data are dominated by a population transmembrane arcs, the propensity to form the complete dodecameric pore is restricted, at least on the time scale of the leakage experiment. It is well known that curvature effects play an important role in the pore formation propensity and positive curvature lipids are known to stabilize toroidal pore formation with antimicrobial peptides.
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This supports the notion that high curvature present in the SUVs used in this study could play a role in stabilizing the formation of toroidal lipids which are required to form the transmembrane arc-like ClyA structures predicted by the model. Complete oligomerization for a-hemolysin (a b-toxin) has been shown to be reduced in membranes with higher curvature.
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In order to rationalize leakage through these arcs we invoke the following model for pore formation as illustrated in Fig. 9 . Since a higher order oligomer must necessarily be preceded by a lower order oligomer, leakage occurs through the smallest transmembrane arcs capable of transporting calcein. Noting that leakage times are signicantly smaller than pore formation times, leakage would then be entirely dependent on the formation of the rst leaky intermediate. Our model suggests that pore formation and leakage in the collection of SUVs is governed by the underlying stochasticity of a Poisson process. In the pre-pore model, 10 pre-arcs which are not membrane inserted, rst assemble on the membrane surface (Fig. 9) . Recent molecular dynamics simulations in our laboratory, reveal that this membrane inserted state is driven by the insertion of the hydrophobic b tongue into the membrane lipids.
11 At this stage the N-terminus, depicted in purple in Fig. 9 is not yet inserted into the membrane. Oligomerization takes place to form the pre-arcs p i and membrane insertion converts a pre-arc to an arc which is then capable of leakage. In this scenario one can envision the assembly of pre-arcs which continue to oligomerize on some vesicles to form larger pre-arcs which can eventually assemble to form the dodecameric pore provided sufficient toxin is available. Within this picture, the oligomerization kinetics as evaluated in our model, represents the rates for the formation of pre-arcs. The conversion of the pre-arc to a membrane inserted arc is assumed to be a relatively fast step when compared with the oligomerization kinetics. Since the protein to lipid ratio is small, it is highly probable that these pre-arcs can no longer oligomerize to completion and convert rapidly to a functional transmembrane arc. The model predictions further support the view that formation of transmembrane arcs capable of leakage on the membrane surface follows a Poisson process which determines the arrival times of arcs/pores on the vesicle surface.
Before concluding this section we discuss our results in light of other oligomerization mechanisms that have been proposed for ClyA as well as other cholesterol dependent cytolysins (CDCs). Our model for ClyA oligomerization on vesicles invokes certain common features associated with AFM data, albeit on CDCs. These are the presence of arcs and pre-arcs as well as the membrane inserted arcs. Note that in our model for ClyA leakage kinetics, we did not include the transition from a prearc to a membrane inserted arc and additional experimental evidence is required to elucidate the details of this mechanism, if it exists. Further, a simple sequential model was able to qualitatively match the steady state arc distributions obtained for suilysin on supported lipid membranes 8 and arc-arc interactions to form pores (non-sequential mechanism) observed in a previous LLO study 6 were not observed by these authors. Additional efforts are required to resolve these underlying differences. Our results concur with the reversible sequential mechanism used by Lee et al., 22 to predict the kinetics of pore formation for ClyA as well as other toxins. In contrast, single molecule FRET experiments by Benke et al., 34 are compatible with a non-sequential mechanism for oligomerization kinetics of ClyA in detergent where a molten globule off-pathway intermediate was found to be present in the monomer to protomer transition. It is likely that the assembly and kinetic pathways sampled for protein assembly in bulk detergent solution can vary with pathways for membrane assisted oligomerization where kinetics are about 50-100 times faster than assembly in detergent.
Summary and conclusion
We carried out calcein leakage experiments for ClyA using a suspension of SUVs made up of DPPC/Cholesterol in a 7 : 3 molar ratio. Using a Poisson model to describe the inherent stochasticity present during pore formation in the SUV suspension we test various oligomerization pathways on the vesicles by comparing the model predictions with the observed calcein leakage data for ClyA. The model predictions were found to yield the best agreement with a reversible sequential mechanism aer incorporating leakage from membrane inserted arcs ranging from 5-12 mer oligomeric intermediates. The dominant contribution was found to occur from the smaller arcs, consistent with the low protein to lipid ratios used in the experiment. There are two models that have been proposed in the literature for pore formation. In the pre-pore model oligomerization proceeds on the membrane surface to form a pre-pore structure. These pre-pore complexes are not capable of leakage until they penetrate into the membrane to form a transmembrane pore complex capable of transporting ions and cellular content across the membrane. In this model the pre-pore assembly proceeds without the formation of any membrane inserted oligomers capable of leakage. In a second model known as the growing pore model, membrane inserted arcs which are partially formed oligomers are capable of leakage. Our analysis suggests a model for the pore formation mechanism of ClyA connected to the prepore hypothesis usually associated with the formation of a fully formed dodecameric pre-pore. 10 However, we propose that prearcs which are oligomeric intermediates insert into the membrane in a stochastic manner to cause leakage. The primary evidence for this mechanism is derived from the reversible sequential oligomerization model which provides an excellent t to the leakage data. In this model pre-arcs evolve and insertion and ensuing leakage occurs stochastically. This stochasticity is built into the Poisson process where the arrival times of the leaky arcs or pores follow a Poisson distribution. Further our model is able to capture for the rst time both the fast and slow time constants typically observed in calcein leakage data. A key inference is that intermediate arcs play a critical role in leakage and our model predicts that leakage from arcs ranging from 5-12 mers are required to capture the entire time evolution of the leakage data. The fast time scale arises from the smaller arcs and longer slower time scales are attributed to the higher oligomeric arcs.
The insight provided by the oligomerization mechanism can be useful while developing drug targets to potentially disrupt pore formation by compromising oligomeric intermediates Fig. 9 Schematic illustrating the reversible sequential oligomerization pathway for ClyA. Oligomerization gives rises to pre-arcs which consist of assembled oligomeric complexes (p i ) without having their N-termini (purple) inserted into the membrane. Insertion to form a membrane inserted arc as shown for p 4 is stochastic and the pre-arc has the possibility of further oligomerization to form the higher order oligomer, p 5 during the course of the oligomerization pathway.
thereby preventing the formation of transmembrane channels implicated in PFT mediated infections. Our analysis in the present work has been carried out for leakage data obtained from a DPPC/Cholesterol system and it is well known that ClyA pore formation is enhanced by the presence of cholesterol. Although leakage kinetics are expected to vary with cholesterol content and the underlying transition temperature of the lipids, we expect the generic conclusions deduced in this manuscript to remain unaltered.
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